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ABSTRACT 


We list all possible dimension-six CP-conserving SU,(3) x SU,(2) x Uy(1) invariant operators 


involving the third-family quarks which could be generated by new physics at a higher scale. Ex- 
pressions for these operators after electroweak gauge symmetry breaking and the induced effective 
couplings Wtb, Xbb and Xtt (X = Z,y,g, H) are presented . Analytic expressions for the tree level 
contributions of all these operators to the observables R, and A’, at LEP I, o(e*e" — bb) and Ap 
at LEP II, o(ete~ — tt) and Ap at the NLC, as well as o(pp — tb + X) at the Tevatron upgrade, 
are provided. The effects of these operators on different electroweak observables are discussed and 
numerical examples presented. Numerical analyses show that in the coupling region allowed by Fẹ 
and Ap at LEP I, some of the new physics operators can still have significant contributions at 
LEP II, the Tevatron and the NLC. 


1. Introduction 


The Standard Model (SM) has been very successful phenomenologically|1|. The discovery of 
the top quark([2] fulfilled the long anticipated completion of the fermion sector of the SM. Despite 
its success, the SM is still believed to be a theory effective at the electroweak scale and that some 
new physics must exist at higher energy regimes. The exceedingly large mass of the top quark 
further strengthens this belief. Collider experiments have been used to search for the new particles 
predicted by various new physics models, but no direct signal of new particles has been observed. 
So, if new physics indeed exists above the electroweak scale, it is very likely that the only observable 
effects at energies not too far above the SM energy scale could be in the form of new interactions 
affecting the couplings of the third-family quarks, and the untested sectors of the Higgs and gauge 
bosons. In this spirit, the new physics effects can be expressed as non-standard terms in an effective 
Lagrangian describing the interactions among third-family quarks, the Higgs and gauge bosons with 


a form like, before the electroweak symmetry breaking, 
1 1 
Leff = lo +5 2,C:0: + O(27) (1) 


where Lo is the SM Lagrangian, A is the new physics scale, O; are dimension-six operators which 
are SU,(3) x SUL(2) x Uy(1) invariant before the electroweak symmetry break-down, and C; are 
constants which represent the coupling strengths of O;. The expansion in Eq.(1) was first discussed 
in Ref. [3]. 

Further classification of the operators O; has been made more recently. The CP-conserving 
operators involving only weak bosons were classified and phenomenological implications discussed in 
Ref. [4]. The corresponding operators involving the third-family quarks were enumerated in Ref. [5]. 
In these earlier works [3,4,5] the field equations of all particles were used to reduce the number of 
operators in Eq.(1). The phenomenology of some of these CP-conserving operators were discussed 
in Refs.|6-8]. More recently the operators were reconsidered without using the field equations of the 
gauge bosons|9]. In this article, we again focus on the set of operators involving the third-family 
quarks. We use the most recent LEP I data involving the bb final state to constrain some of the 


coefficients C;, assuming the simple situation that cancellation among different operators does not 


take place. We identify the operators which can potentially have significant effects on the standard 
model predictions at higher energies in LEP II, the NLC and the Tevatron. 

This paper is organized as follows. In Sec. 2 we again list all possible operators in Eq.(1). 
The expressions for these operators after electroweak gauge symmetry breaking and the induced 
effective couplings Wtb, Xbb and Xtt (X = Z,y,g9,H) are presented in Appendices A and B. In 
Sec. 3 we give analytic expressions for the contributions of these operators to the observables Ry, 
and Abp at LEP I, lete” — bb) and Abp at LEP II, o(ete~ — tt) and App at the NLC as 
well as o(pp — tb + X) at the Tevatron. In Sec. 4 we determine which collider observables are 
affected by each operator. In Sec. 5 we analyze the operators which affect R, and Abp at LEP 
I and determine how much they affect future electroweak collider observables, subject to current 


constraints. Finally, in Sec.6 we conclude with some discussion and a summary. 


2. CP-conserving gauge invariant operators 


We follow the conventional notation which is listed below 


left — handed third — family doublet : qL = ( > ; 
L 

right — handed top, bottom quarks : tr, bR, 
Higgs boson doublet : ®, Õ = iad, 
gluon fields : Ge A=1---8, 

G4, = OM G4 — 0, Er Po ae „Gy 

G, = TAGA, Gig =TAGA, T = 4/2, 
SU, (2) gauge fields : Wi, I=1:-:3, 

Ty I K 

Wa = pW; — — ô W] + gers Wie W;, 

W, =W}, Wy = Wh, T L= gii; 
Uy(1) gauge field : By, 


In order to justify the forms of operators that we will use, let us elaborate on the origin of the 
new physics that has been touched upon in Ref.|6]. We assume that the new physics in the quark 
sector resides in the third quark family. Before the electroweak symmetry breaking all dimension-6 
operators containing the third family quarks are possible. Although new physics may also occur in 
the gauge boson and Higgs sectors, or give rise to four-quark operators involving the third family 
quarks, for the purpose of testing new physics in the immediate and near future, such operators will 
be ignored. Therefore, the operators we are interested in are those containing quarks and gauge 
and Higgs bosons. 

To restrict ourselves to new physics of the lowest order, in both the standard model coupling 
and the power of 1/A?, we consider only tree diagrams which contain only one anomalous vertex in 
a given diagram. Under these assumptions, operators which can be related by the field equations 
of the fermions are no longer independent and the fermion equations of motion can be used to 
reduce the number of independent operators, as was done in Ref.|3]. However, we have to be careful 
in applying the field equations of the bosons. Under the assumption of the new physics origin 
as given above, the equations of motion of the gauge bosons can not be used when first writing 
down the operators in Eq.(1). This is because the field equations of the gauge bosons will lead to 
four-fermion operators containing third family quarks and light fermions. Then naively applying 
the criterion of ignoring all four-fermion operators, which are observable in the existing colliders, 
e.g. et Fe” — b+b, would discard these operators which originate from new physics different from 
that of the four-fermion operators discarded initially. However, the equation of motion of the Higgs 
field can be used since the light fermions resulting from the Higgs field equations are proportional 
to m,/mw, where m, is the mass of the light fermions concerned. 

We should also remark that no field equation can be used in the case of loop diagrams or when 
new physics couplings appear more than once in a tree diagram. In the latter case, dimension- 
8 operators may also have to be included. This means that extending the effective Lagrangian 
approach to dimension-8 operators will greatly increase the number of independent operators. 

Now we list all possible dimension-six CP-conserving SU,(3) x SU,(2) x Uy (1) invariant indepen- 


dent operators involving third-family quarks but no four-fermion operators under the qualification 


described above. 


(1) Class 1 (containing tę yA 


On = (BiG >) [qutn0 ka Sinan | (2) 
On = i[®'D,® — (D,D) D] try"tr, (3) 
Oz = i|($D,B)(Ery"bn) — (Dp?) OGny"tr)| , (4) 
Op: = (Gr Dyutr)D"® + (Do) (Data), (5) 
Owe = (aro T'tp)* + ©! (Ero”T'qr)] Wi, (6) 
One = (aro tr)ð F Gi(Epo*"qu)| Bw, (7) 
Oco = |(Gro"”’TAte)d + D (Ero TAq1)| Gi, (8) 
Ow = Ery“ D'ta + Dtny"tal Bw, (9) 
Oig = iry“ TADVtp + Dry Tit) Ca (10) 
(2) Class 2 ( not containing t a: 
Ow = [dry T^ Dq; F D'qry"T^qr] Gi, (11) 
Ow = dny" r D'qt + Dany r qr] Wi (12) 
Og Ja Daa) By, (13) 
Ove = bry TAD'bp + Dry T br] ŚW (14) 
OB = bry" D"bn SF Dry ba Bw, (15) 
Oo, = i|91D,% — (D,%)'8] ary" az, (16) 
of = i [Di D, ð — (Dy®)'r! D] qrar, (17) 
Os» = i|91D,9 — (D2) P| bry"br, (18) 
On = (Be A [īrbr® F P'brar] | (19) 
Op = (dD„br)D"© + (D"®)'(D, brar), (20) 


'It is straight forward to show that the last two operators Og and O;p can be recast into simple forms, e.g. 
Ora = —ty"T*tD’ Gv, etc. 

7It is straight forward to show that the first five operators, Ogg Oqw ,D0qB,OŁa and Opp, can be recast into simple 
forms, e.g. Ogg = —qLY“T "qL D” G pv, etc. 


Owa 
Orga 


Orao 


[(qLo'"T'br)B żę Bi(bpo" T'qu.)| Win 


Karo bp) ® + D! (bro™”qr)] Bw, 


Kai TAbp)® + D (bro T^qr)| G 


If we avoided using the field equations of Higgs boson and the quarks, we would get the following 


additional operators 


(3) Class 3 


OD: 
OD» 
O, 
O, 
0,5 
O 


B 
G 
G 


za 
gB 
g 


O 
046 
O 


qw 


(Dart) DODO) (Tr Dogo), 


(D qrbr)D"® + (DO) (Dr Dogo), 


i 


YA 


1 


YA 


i 


) Ery TADYtę ao DR TAR) GA 


[bry T^D”bg = Db" T br] GA 


tay" D’tr — Drip ta) Byes 


uv? 


bry" DR — Dbny"br| Bie, 


pv? 


dny" Dan — D”qry'qu| Bu 
i [ay T4 D"qr — Dari Tar Gw 


dry" D'q, — Dary T qr] Wes 


24 
25 
26 


27 


29 
30 
31 


(24) 
(25) 
(26) 
(27) 
(28) 
(29) 
(30) 
(31) 
(32) 


where Rig = teap X à with X = G, B,W and Ew dp the anti-symmetric tensor. We can rewrite 


the above operators as follows, which will no longer be independent when the field equations of 


Higgs boson and the quarks are used, 


Op, = -Op — rtr DS — (D?$)ttpqy, 

Op, = -Om — GrbrD?® — (D*O)ibpqu, 

Oe *0gol(ióx Dias Pesan AA 

Og = —O0za —i(ipo"T* Dzp— Prr” Tir) Gr (x = t,b), 


Oz = Oax tno Xp Par — Prqro™”X uwar), (X = B,G, W), 


33 


(33) 
(34) 
(35) 
(36) 
(37) 


37 


In the following analyses we will not consider the operators in Class 3 because its operators are 


not independent. Since our analyses only involve the on-shell quarks the equations of motion of the 
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quarks can be applied. Because of the reasons given earlier, the Higgs field equation can also be 
used. Then our Class 1 and Class 2 operators agree with those given in Ref.[6]. However, unlike 
Ref. [6], in On and O we subtract the vacuum expectation value, v?/2, from 010, in order to 
avoid additional mass terms for top and bottom quarks after the electroweak symmetry breaking. 

The expressions for the operators of Class 1 and Class 2 in the unitary gauge after electroweak 
symmetry breaking are presented in Appendix A. From these expressions, one can write out the 


effective Lagrangian for all vertices with two third-family fermions and a boson, specifically, W tb, 


Ztt, ytt, Htt, gtt, gbb, Zbb, ybb and Hbb, whose effects are or could be reachable at LEP, the 
Tevatron upgrade and the NLC. The explicit forms of these effective couplings are given in Appendix 
B. 


3. Contributions to some collider observables 


We now consider the contribution of all operators listed in Sec. 2 to the observables R, and 
Abp at LEP I to constrain the coefficients C;. Then we can make predictions on their effects on 
a(ete~ — bb) and Abp at LEP II, o(pp — tb + X) at the Tevatron, o(e*e" — tt) and Ah, at the 
NLC. In this paper we wish to consider modifications to the electroweak sector only, and therefore 
ignore measurements such as o(pp — tt) which are primarily affected by the strong interaction. 

Including both the SM couplings and new physics effects, we can write the Zqq and yqq (q = t, b) 
vertices as 


1 
Pe = meg? ly VE" — qysAg” + (Ba — Pa) nS7"| » (38) 
q 


where g7 = 1/(4swew) with sy = sinOw and cw = cosOw, 97 = 1, and p, and pz are the 
momenta of outgoing quark and anti-quark, respectively. In the above vertices we neglect the 
scalar and pseudoscalar couplings, k, and k,ys with k = p, + pz, since in ete” collisions these 
terms give contributions proportional to the electron mass. We note that some of these neglected 
terms are needed to maintain the electromagnetic gauge invariance for the axial vector couplings 
in Eq.(B8). The vector and axial-vector couplings Ve and AŽ contain both the SM and new 


physics contributions, while A} and 5, contain only new physics contributions. The 5M can also 
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contribute to A? and S 2 at loop level, but these effects are very small and we neglect them in our 


calculation. One can write the vector and axial-vector couplings as 


yer 


q 


ZĄ 
Ay 


Z, Z, 
= (V; e aalr OV, LA 


Z, Z, 
= (AZ) + 6427, 


(39) 
(40) 


where (V 77)? and (477) represent the SM couplings and 6V,47,6A27 the anomalous new physics 


contributions. The SM couplings are given by 


= eg, 
= 0, 

= _ 9 73L 2 

= vg = 214, — Asweg; 


= —9r3L 
= a, = 215", 


where e, is the electric charge of the quark in unit of e and 1?” = +1/2 the weak isospin. The new 


physics contributions VI and AGI (q =b, t) can be determined from Appendix B; they are 


SVZ = swew “2 ew (Cae Cn) — C$) — CH — Cu ; 
AŻ = e TF | wv + (CyB — Cip) EE = Co = as hs w , 

so = ee a Cost — Cywecw — 2Cozesw)| , 
ôV = GE = (Cig + Chaew | 
SA = z Cw Ce: G,sjew | | 

= n. (Ce s Cyzocw ) , 
MTA A T7 |-0w a + (Cig + Ce) E 

=. + ess — Cz — (2C;Bo$w — Cnracw)2 V3] , 

bay = wwa - oe cw Ne Cs) wt — O54 + Czą + Ca 


(45) 
(46) 
(47) 
(48) 
(49) 


(50) 


(51) 


(52) 


4swew mmz 1 2v 
S? = 7 = he A [(2Cizośw = waw). + Cot (53) 
lumz swk? cyk? V2m, 
OV,” = ae [cw — (C;B + TR + (2C+Bocw + Cwaśw) mz , (54) 
1k? s c 
ðA = PE |- + (Cis — Ca za (55) 
2mvu 1 
SĄ = -g qe 5 (Cisów + Ciwesw). (a6) 


In terms of the vertices given in Eq. (89), the observables R, and App at LEP I are given by, to 


1 
the order =, 


upoV,2 + a,b AZ 
By <= RM E aje 2a l = ra) (57) 
AŻ + adV,Z vV, + apd AZ 
Ab = ASM |] OO Oe UB VD T 0i 58 
FB FB T MWA ve sk aż , ( ) 


where we have neglected the bottom quark mass. Also, in terms of the vertices of Eq.(B&), the 
cross section and forward-backward asymmetry for bottom pair production at LEP II and top pair 


production at the NLC are given by 


3 — 8? J= G7 
o” = 4% (Dee + Dareereeqt) GE + Dzz(v? + a?) | > Ly + jj | , (59) 
Ao = 36,4 Deż |(3 — Bz)egóV?! — Beg} 
+Dzz(v? + aż) [(3 — Bv 0VŻ + 2Bża,6AŻ — Bv, S7 | 


a 2 2 
+D zee Ve ted; -|- vað V) -+ Bąaqó.A] — p (Casa + 57) | 5 (60) 


2 
Are _ Dy €ede(€gd AZ + ago V? + vq0.47) + 4Dzzveae(vą0.Ag + a,6V,7) _ 00 (61) 
Ap DzeedeEqdg + ADZZaEVeVgdg g?’ 
where 6; = [1 — 4m2/s is the velocity of the final quarks and 
Dy = a (62) 
2 4 
Daz = ee EWE Tama 8 
Dz, = Oi RZA (64) 


32 (s — mż)? + (sTz/mz)? 


Including both the SM coupling and new physics contributions, the Wtb vertex can be written 


as 


we = iF ly *P(1 + K1) + Y*PRka + pę PLk3 + pp PLką + pt PRks + vi Prke] , (65) 


V2 


where Pr R = (1 F 4s)/2. The form factors from new physics can be determined from Appendix B 


as 
v? V2m, (3) 2 
Ky = ĄŻ Cavs gov T Veg PRE Ą (66) 
A Vm C 
Ką = ĄŻ Cun Gav -+ a , (67) 
U V2 Cpt NY 
a | ŚWE a 68 
K3 AŻ | twe ga “iD q g - ( ) 
U V2 m 
K4 = 73 Ciwa — + Cow — ; (69) 
A 92 gov 
v v2 
Ry = ET (70) 
v IC V2 
fe = Wz ca + Grach] : (71) 
Neglecting the bottom quark mass one gets the cross section for the subprocess q;q; — tb 
j 
4 8 — m2 
A g (§ — m?)? 
70 384 P(E mB Da (72) 
4 8 — m2 
z g (§ — m?)? 
y= 3847 $?(8 — PRE )? [2(26 + m; )ką + (m; — 8)mz(ks — ka)| 
my 
4 a m2 n 
Ca j E 
E 3847 §2(5 — mE AŻ (225 + mę )| Ogg —C ww] 
TES me) Oi +68 yame Cava} z (73) 


The total cross section of single top quark production via qq; — tb at the Fermilab Tevatron which 


is obtained b 
1 dT 1 dL;; WA 
o(s)j=>,| —-—-)66%), (74) 


ap 7 TS dT 


where To = (M, + M,)?/s, s is the square of center-of-mass energy, § = sT is the square of center- 


of-mass energy of the subprocess, and dL,,/dr is the parton luminosity given by 


dL;; 1 dz 

= | Zoo (an) + (A + BY), (75) 
T T XY 

where A and B denote the incident hadrons, 1 and j are the initial partons, and x, and x2 their 


longitudinal momentum fractions. The functions fA and fP are the parton distribution functions. 


4. Classifying physics effects 


In this section, we classify the operators according to their contribution to the three-particle 
vertices which are testable at LEP I, II, the NLC and the Tevatron, i.e., Wtb, Xtt and Xbb 
(X =7, Z, H,g). 

From Appendix B we can see that most operators give contributions to more than one of 
the three-particle vertices and therefore tests of these operators are possible when their coupling 
strengths are constrained by one of the vertices. In Table 1 we summarize the contributions of these 
operators to the couplings which can be tested at present or future colliders. The contribution of 
an operator to a particular vertex is denoted by an ‘®’. Since the operators contribute to different 


combinations of observables, we can reclassify them as 


e Class A-1: Contributing to LEP I and LEP II observables, or and App at the NLC and og 
at the Tevatron. They are O,w and Oe 


e Class A-2: Contributing to LEP I and LEP II observables, and o, and Ap at the NLC, but 


not to o; at the Tevatron. They are Ogg and Om 


e Class A-3: Contributing to LEPI and LEP II observables, and o, at the Tevatron. They are 


Op and Owa. 
e Class A-4: Contributing to LEP I and LEP II observables. They are Obg, Oop and Oype. 


e Class B-1: Contributing to o and Abp at the NLC and o at the Tevatron. They are Owe 
and Opi. 
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e Class B-2: Contributing only to og and Ap at the NLC. They are Op, Otga and O;p. 
e Class B-3: Contributing only to o; at the Tevatron. It contains only Ogg. 


e Class C-1: Contributing only to couplings Htt and Hbb, not to any other vertices. They are 
On and Op. 


e Class 0-2: Contributing to the strong interaction sector. They are Otga, Ora, Oga, Once and 
Oka. These operators only contribute to the strong interactions of third-family quarks and do 


not contribute to the electroweak interaction at the level of 1/A?. 


In this new classification scheme, Class A operators include a Zbb or ybb interaction and are 
currently constrained by R, and Abp at LEP I. Class B operators are not constrained by LEP I ( 
at least at tree level), but will affect the future collider observables under consideration. Class C 
operators affect neither LEP I observables nor the future collider observables which arise from the 


electroweak interactions at tree level. 


5. Numerical examples and discussions 


In this section we present numerical analyses for those operators which affect R, and Abp at 
LEP I and observables at future colliders. They are the Class A operators defined in the preceding 
section. We use the analytic formulae given in Sec.3 and use the most recent LEP I data on R, and 
A‘, to constrain the coefficients of the individual operators in Classes A-1 through A-4, and then 
evaluate their possible effects on the electroweak observables at LEP II, the Tevatron upgrade and 
the NLC. Operators in Classes B and C are not presently constrained, at least at tree level, or they 


involve the strong interaction sector, and they will not be considered here further. 


5.1 The effects of OF and Ow 


From the preceding section we found that the operators of Class A-1 will affect the most observ- 


ables. Note that in Ref. [8] the effects of Ow on R, and og at the Tevatron have been evaluated. 
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The present analyses also include this operator, but we will consider its effects in LEP II and the 
NLC as well. Presently, the experimental data of R, and Abp are +1.80 and —1.80 away from 
their SM values, respectively|1]. In the analyses below, we assume a closer agreement with the SM, 
say both R, and At, are about lo away the SM predictions, and examine the consequences. 


We note the new physics of Class A-1 yields 


4Swcw 1 cwk? (3) UNZ 


ÓW, = 04 = re) Caw T ög |» (76) 


which we can express in terms of R, or Ap. We get from Eq.(57) 


exp SM 2 2 
R = R; UŁ + ap 


BZ BARZE Se AL 77 
b ? (1— RĘMYRSM 2(v, + ap)’ Va 
or from Eq.(6§) . 
SVZ = AŽ = AFB — AFB Voa» vt (78) 
$ b ARM Up + ap (vp — ap)?” 
where the experimental data and SM values [1] are 
RZ” = 0.2158, Ry” =0.2178(11), (79) 
AŞM = 0.1022, A> = 0.0979(23). (80) 


Since both v, and a, are negative, we find that Eq.(7f) yields negative values for óVy” and Eq. (f9) 
yields positive values for 5V,4. This means that any kind of new physics which yields 6V,4 = 64, 
such as Ow, On. Os: and OgB, can not fit both Rẹ and Arg within the lo bounds of the 
experimental data at the same time. If the deviations from the SM values as shown in Eq. (79) and 
Eq. (80) persist, this class of operators will be ruled out. 

Since the error size in A’, is larger than that of R$”, we estimate the effect of this class of 
operators by using only the lo bound of R, to set constraints on the new physics. We have from 
Eq. (1) and Eq. (79) 

— 0.0080 < 8V;7 < —0.0023 (81) 


Using this bound and assuming the existence of only DA we get the effects on oyẹ and Abp at 


LEP II (/s = 200 GeV), oy and Abp at the NLC (Vs = 500 GeV, m, = 175 GeV), and the single 
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top production rate at Tevatron (4/s = 2 TeV, m, = 175 GeV) as 


LEP II (ete~ — bb) NLC (ete~ — tt) Tevatron (pp > tb + X) 
0.4% < 43 < 1.3% 0.1% < 4% < 0.3% 0.5% < SF < 1.6% 
0.2% < ŠER < 0.6% 0.7% < SEE < 2.6%, 

FB FB 


which are too small to be observable. Using the same bound in Eq. (BT) and assuming only the 


existence of Ow we obtain 


LEPII (e+e~ — bb) NLC (ete — tt) Tevatron (pp — tb + X) 
2.4% < ÊF < 8.4% 8.6% < £F < 29.8% 6.9% < ÊF < 24.0% 
0.3% < ŽE < 1.0% 16.3% < Ee < 56.8% 

AFB AFB 


where we have used the CTEQ3L parton distribution functions[10] with u = VS for the calculation 
of the cross section at the Tevatron. Except for the Abp at LEP II, all the other contributions are 
sizable. 

Let us consider the expected accuracy of the hadron cross section measurements. At LEP II the 
cross section for ete” — hadrons can be measured with a high accuracy of 0.7%[11]. Since new 
physics only contributes to the bb production rate and o? (ete — bb)/o'(e*e" — hadrons) = 0.16, 
then St (ete? — bb) can be measured with an accuracy of 4%, or better when b-tagging is employed. 
At the NLC the top quark properties will be tested to high accuracy and we expect that the top 
pair production rate there may be measurable with an accuracy of a few percent. At the Tevatron 
a deviation larger than 16% from the SM single top production rate is expected to be detectable at 
Run 3 [12]. 

The above results then show that the operator Os constrained by R has negligibly small effects 
on bb production at LEP II, tt production at the NLC and single top production at the Tevatron. 
On the contrary, the operator Ogw constrained by R, can cause observable effects at LEP II, the 
NLC and the Tevatron. In other words, if their effects are not observed at future colliders, Ogw 
is severely constrained, but OF is not. We note that the main reason that Ogw has large effects 
at future colliders is that it is momentum dependent, and therefore becomes enhanced at higher 


energies. 
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5.2 The effects of Ogg and of 

The operators in Class A-2 (Ogg and OF ) affect LEP I and LEP II observables and oj; and 
Abp at the NLC, but not single top production at hadron colliders. Note that Op is momentum 
dependent and OF is momentum independent. Like the operators in Class A-1 analyzed above, 
they yield 6V,4 = 6AZ. Using the bound given in Eq.81)), we obtain the contribution of Ogg to 0% 
and A’, at LEP II (,/s = 200 GeV), og and App at NLC (v/s = 500 GeV, m, = 175 GeV) as 


LEPII (e*+e~ — bb) NLC (ete~ — tt) 
—0.6% < 4% < —0.2% 16.5% < ÊF < 57.4% 


2.9% < a < 10.0% —144.0% < zi < —41.4%, 


and, in the same way, we obtain the contribution of Os? as 


LEPII (e*e" — bb) NLC (ete? — tt) 

0.4% < 42 < 1.3% —0.3% < 43 < —0.1% 

0.2% < GEE < 0.6% —2.5% < “FB < —0.7%. 
FB FB 


Here we see that the effects of oF are negligibly small, but the effects of Ogg on og and Abp at 
the NLC can be quite large. As was the case with Ogw in the preceding section, these large effects 
are primarily due to the momentum dependence of Ogg. So the NLC will be a good place to look 
for the new physics operator Ogg. We should again comment that if the values given in Eq. ((79) 
and Eq.(BO) persist, this class of operators and the Class A-1 operators in the preceding subsection 


will be ruled out. 


5.3 The effects of Obg, Oo, and Ogo 

The operators in Class A-4 (Oop, Os» and Ooze) affect Ry and Ab, g at LEP I and oj; and Ab, p at 
LEP II, but not top pair production at the NLC or single top production at the Tevatron upgrade. 
Since Oga only appears in S$ and S}, its contributions to these observables are proportional to 
m, which to a good approximation can be set to zero in the calculations for bb production at LEP 


I and LEP II. Thus the contributions of Osga are negligible and we only need to consider Opg and 
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Os. We note that Opg is momentum dependent while Og, is momentum independent. Unlike the 
case discussed in sub-sections 5.1 and 5.2, the operators in this class yield 6V,4 = —0A$. 
From Eg.(P7) one gets 


exp SM 2 2 


YA oe AZ — oO 
06 = 04 = REM) REM Duy = ay)’ 


and from Eq. (BJ) one gets 


AGP — ASM 21 29 
BVP Sig de ee bn WPA. (83) 
APB Ay — Up (v + a) 


using the values in Egqs.(f9) and (BQ) we see that both Eqs.(82) and (BJ) yield positive values for 


6VZ. The bound from Eq.(B2), again assuming lo deviation, is found to be 


0.013 < 6V,7 < 0.044, (84) 
and the bound from Eq. (83) is 

0.023 < 6V7 < 0.075. (85) 
We take the overlap of the two 

0.023 < 6VZ7 < 0.044, (86) 


which is required to have the theoretical values of both R, and Ap to lie within 1o of the experi- 
mental data. 


Considering Opg, one gets its contribution to o and Abp at LEP II (Vs = 200 GeV) to be 


A _ 
23.3% < = te” — bb) < 44.5%, (87) 
A E 
—53.9% < LEB ete — W) < —28.2%. (88) 
FB 


For Og», the contributions to 04; and Ap at LEP II (,/s = 200 GeV) are 
FB 


A 2 
0.7% < mlete” — bb) < 1.3%, (89) 
A _ 
-3.3% < LAEE (ete — W) < 1.79. (90) 
FB 


So if only Oyp exists, its effects are likely observable at LEP II even if both R, and Ab g lie within 
the lo bounds of the present data. As with the operators Ow and Ogs, this is primarily due to 
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the momentum dependence of Org. On the contrary, if only Osp exists, there will be no observable 


effects at LEP II. 


5.4 The effects of Owa and Op; 

The operators Opwe and Op, in Class A-3 affect LEP I and LEP II as well as single top quark 
production at the Tevatron , o(pp — tb + X). Since both of them only appear in S# and 57, their 
contributions to Rz and Abp at LEP I and 04; and Ap at LEP II are proportional to m, and 
hence are negligible. Further, as Eq. (73) shows, their contributions to o(pp > tb + X) vanish in the 
approximation of neglecting my. So they are not constrained by these observables at LEP I, LEP 
II and the Tevatron. 

However, as Eg.(67) shows, Obwa contributes to the right-handed weak charged current, and 
thus it will be strictly constrained by the CLEO measurement of b sy [13]. The latest limit is[14] 


G 2 
T e we Vum, 
A 92 


< 0.00. (91) 


Using this bound and keeping the bottom quark mass, we can evaluate its contributions to the 
observables under consideration. Of course, its contributions must be very small since they are not 
only proportional to m, but also suppressed by the above bound. For example, with m, = 5 GeV 


its contribution to 04; and Ap at LEP II (,/s = 200 GeV) are found to be 


Ao 


—0.2% < Pa te — bb) < 0.0%, (92) 
A - 

0.0% < LAEE etem — W) < 0.2%, (93) 
FB 


which, as expected, are negligibly small. 

So the operator Opwe, which contributes to the right-handed weak charged current of third- 
family quarks, can be further constrained, although the coefficient Cywe will not be constrained 
greatly unless a process can be found in which its contribution is not proportional to mẹ. The 


operator Op, will also survive since no observables are sensitive to it. 


6. Discussions and summary 
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From the expressions of dV, and 6A# one finds that the new physics constrained by R, and Ap 
at LEP I can be divided into two types: those yielding 6V,4 = 6A# and those yielding 6V,7 = —0A$. 
As the above numerical calculations show, operators of the first type, including Ogw, OF , OF and 
O,B in Classes A-1 and A-2, can not make the theoretical values of both R, and Ap to lie within 
the lo bounds of the experimental data at the same time. If one uses the lo bound of R, to 
set constraints to this type of new physics, the strict bounds of Eq.(81]) are obtained. The two 
operators O,w and Oyp, can give rise to visible effects at LEP II, the NLC and/or the upgraded 
Tevatron. On the contrary, operators of the second type, including Opg and Os» in Class A-4, can 
make the theoretical values of both R and App within the lo bounds of the experimental data 
simultaneously, but the bounds Eq.(PÓ) are not so strict as the bounds on the operators of the first 
type. Op in the second type of new physics can cause larger effects on observables at LEP II, the 
Tevatron and the NLC. 

A common feature of operators with significant effects on LEP II, etc., is that they are momen- 
tum dependent, as can be seen from Eq.(45) and Eq.(46). However the suppression of the effect 
of an operator is more complicated. Take the operator Og, as an example. Since it is momentum 
independent, it does not have the enhanced effect going from LEP I to LEP II. Another reason for 
its small effects is that Og, only contributes to the vertex Zbb but not to the vertex ybb, and, as is 
well-known, the photon exchange channel is dominant in the bb production at LEP II. 

From the above analyses we can say that if the experimental data of Ry and Afg, which are now 
deviating from their SM values by 1.80 and —1.80 respectively, are both upheld and the deviations 
are due to the new physics considered here, then the new physics cannot be the first type, Ogw, 
OF, OF or OgB alone; the second type, Obg or Os», must exist. In such a situation, the existence 
of Opg will certainly give rise to observable effects at LEP II while effects of the operator Os, will 
be unobservable effects. Thus, if no new physics effects are observed at LEP II, Og will be ruled 
out but Os, will not be. Note that in all the numerical examples presented in this paper, we did 
not consider the co-existence of more than two operators at one time. The detailed analyses of their 
effects at LEP II in multi-parameter space is under consideration|15]. 


In summary, we have analyzed the effects of the dimension-six CP-conserving operators on the 
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observables R, and Abp at LEP I, o(ete~ > bb) and Abp at LEP II, o(ete~ — tt) and App at 
NLC as well as o(pp — tb + X) at the Tevatron. We found that in the region allowed by R, and 
Abp at LEP I, some operators can still have significant contribution to observables at LEP II, the 
Tevatron and the NLC, while some other operators have negligibly small effects and thus can be 


safely ignored. 
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Appendix A CP-conserving operators after symmetry breaking 


In order to shorten some of the expressions we will use the following notations: 


W; = —Z,cosów + A„ sin ów, (A.1) 
B, = Z,sin Ow + A, cos 0w, (A.2) 
Bw = Zwsinów + Ay cos by, (A.3) 
Wy = 0,W;** — awe, (A.4) 
(A.5) 


on 


2mz 
G = = gi + 92 


The CP-conserving operators after electroweak symmetry breaking are given as 


(1) Class 1 


1 z 
On = zzz H(H + 20)(H +v)(t) (A.6) 
0a = Son +0) ZK(iny,tn) (A-7) 
One ant +0) [W] (Eavtbr) + W; (bar“ta)] , (AS) 
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(2) Class 2 


Oqa 


Ow 


Op 
Ove 
Oss 
> 


q 


3 
o. 


Op: = 


Owe = 


Ore = 
Ow = 
Orce m 


OG = 


1 2 — 4 z 
59" H JA, + Psdt (DA — 150.8 Fst 


A 3 

i Hizi mizi + 0)Z! [10,4 — (84 0, (Frist) — zB, 
-iyp(H + v)W,, Lt — zo Brut 
sza owa [(0"En)br + AA PI 
WAĆ + v) (fort) [We — iga(W W; — WYW) 

„(H v)(bro tp) [Wyn — tg2(W,, W? — W2W,)] 

L(H -+ 0)(Fao"b,) [W — iga WWS WAWA), 
ZE + v)(fot) Buy, 


ltr I tr + O'tRY'tR] Bw, 


1 
a + vito TANGI, 


|Enq" TJ0'tR + O'ERy"T* tp] Gu, + igstRY* |G’, Guu] tr, 


= [rT qr + Ly" T^qr] GW + igs" XG Gp} db, 


1 = = z 
= Wo AU + O'try'tr — bi yobi — arb 7"b1| 


2 
1 
+— 


V2 


—igaqny" (Wu, W.] 0’ an — 1920” qzy* (Wu, WL] a — 192417" (Wa, W] az, 


[Wi Erabi + WI + Wg (bit + Ob, 7"t1)| 


= Bw (q "qr + O' ary" ar] , 
= [bn T "br + 0 bry T br] Ga, — igsbryy[G"”, Gr] br, 


= LWA + O,bRyuba| > 


1 z S 
= —gz(H + v)’ Zy [Erat + bry*b| ; 


2 


1 = _ 
= ~ 992 + v)’ Z, [Eryt s bzy*b| 


Z 


1 - 2 
—92(H + v) [Witry bs + W, bry"t1 ; 
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(A.9) 


(A.10) 


(A.11) 
(A.12) 
(A.13) 


(A.14) 


(A.15) 


1 R 
Ose, = ~gz(H + v) Zubery br, (A.22) 


2 
1 yA 
On = 5 WA H(H + v)(H + 2v)bb, (A.23) 
_ _ _ 2 = 
Op = za” fono) + bysó„b — (0,b)7sb + 9 B,binsb]| 
= 8 a 2 = 
i + gall kuzi (0,B)b -b,b — 0,(insb) — 15 1B, (b) 
-tg (H +v) |W$(EL0*bp + iZ BE bn) — W; ("Baty — iZ Brbrts) , (A.24) 
1 = = 1 2 
Owa = zH + v) MD + Wa (bro tr) z su 
+igo(W iW? = WW) (tro’ bp) = igo(W, W; = WW, dro to) 
. g - + L v 
+ Wa W, WAWA bo" J : (A.25) 
Owa = zi + v)B,,(bo"b), (A.26) 
1 A (p _uvrhA 
Oce = wa ae v)G,„(bo T b) (A.27) 


Appendix B Effective Lagrangian for some couplings 


The effective Lagrangian for the couplings Wtb, Xbb and Xtt (X = Z,7,g, H) are given by (the 


SM Lagrangians are not included here) 


Ce 92 Z C13 v? ga 
Lwa = Weg? Wa (*PLb) + 12 ryż Ve E Prb) 
Cpt v 92 Cos v 92 
+r AŻ WA O E AŻ ee EC, 
Ciwa V y Cowe V y 
F > =W,t (to Prb) + a: ZW} (fo! Prb) 
Cw 1 2 
+ rca MAR + O Łyk Prb), (B.1) 
GR ee - (6: 3 
Lz% = >> F ac )(vmz)Z„(by* Prb) + Fa (6mz)Z,(by* Prb) 
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Lok 


Lza 


Lai 


Lau 


Go 


Luo 


Caw cw Cub , 


A 2 
C 
A 


mz 
44 ze 
2/2 


(Lae 
AŻ 


AŻ 


C%B6 C S U Fai 
(Bt oy — See) fiord), 

Co e = Cro P 
(27 pe VMzZa Prt) + 730m2" (ty Pat) 

C Ra 
+ 237 [i#0,,t — i(ð Dt + 10, (Eyst)] 
ya (CBR, _ Cwe i v 

A? A 2°,/2 Aw 

C C 2 > 
zał e w= ae T) Zu (Ey"PLO"t + OEY" Prt), 
Ciwa sw |, Crpe v = Crp 

<w —A,,,(to" 

( AŻ 5 + re w) 5 u (to”t) + AB 

C C 
HEBow + OW) A (PLE + OPi), 
ŚREM C 1 
wys W + e ga” HO (EB) + Fys0,t — (0,8) 7st , 


+ (Lowe ow Cope | E= 
AZO TAR NUP 


+(——— + —— w) Zw (by" PLO'b + OY by" Prb) 


AZ? 


+ św Z, (by! PRO") + Ob" Prb) 


Coo 


e 
i(0,bb — bð aE — ið, (byb) 2 © 


Z uu (bod), 


Caw św 


— ZW IW ) A, (bA! PLO” b + O"by* Prb) 


ND 


4 8 oy A, (by Pad’ + OY by" Prb) 


Cia r- ii 
"o [E PRT*0't + PTA Ga, 


Cac Aav v A A , Ciao V vrnA 
CA ley" PLT Ot + OV ty" PLT k GAR RCB zt toT t) 
Chi v’ = aun a 2 a 
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C 8 z 
(To) + Fa SW Zu (T Ped" + O’ ty" Prt) 


— cw Aw (Ey! Prot + o” ty” Prt) 


(B.2) 


(B.3) 


(B.4) 


(B.5) 


(B.6) 
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Table 1: 
Dimension-six CP-conserving operators contributive to the vertice which can be tested at present 
or future colliders. The contribution of an operator to a particular vertex is denoted by an (©). 


Operators with significant observable effects at LEP II, the Tevatron and the NLC are marked by 


c) 


* 


Ry, 0%, Abp On, App Strong Yukawa 
LEP I II Tevatron NLC couplings couplings 


2 
ol 


T 


T 


ybb Wtb Ztt | ytt | gtt 


> 
| 
— 


| 
No 
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